apoB: apolipoprotein B; HDL: high-density lipoprotein; LDL: low-density lipoprotein; VLDL: very low-density lipoprotein; CHD: coronary heart disease; FH, familial hypercholesterolemia; Lp(a): lipoprotein(a); HELP: heparin induced extracorporeal LDL precipitation; DALI: direct adsorption of lipoproteins.
Introduction
Elevated concentrations of Lp(a) are causally linked to atherosclerotic disease (1) (2) (3) . Decreasing elevated concentrations is therefore a potential strategy to reduce the risk for cardiovascular diseases.
In that context the European Atherosclerosis Society generally recommends the reduction of Lp(a) to less than 50 mg/dL (4) . However, unlike other disorders of lipid metabolism, elevations of Lp(a) cannot be influenced by lifestyle modification. Similarly, only very few drugs can significantly lower Lp(a) concentrations (niacin, mipomersen and PCSK9 and CETP inhibitors). Treatment with niacin, however, does not translate into clinical benefit, though subjects in these studies had relatively normal baseline Lp(a) levels (5, 6) . PCSK9 inhibition seems to be beneficial, it is however unclear if this is related to the Lp(a) lowering effects (7, 8) .
Lp(a) concentrations can be reduced by plasma exchange procedures or more specifically by lipoprotein apheresis. In 1975, such procedures were first described as a treatment option for severe hyperlipoproteinemia (homozygous familial hypercholesterolemia) (9) . Since the 1980s, more specific techniques were developed to reduce atherogenic apolipoprotein B (apoB) containing particles such as LDL and Lp(a) (10, 11) . Currently 5 techniques are available that eliminate apolipoprotein B (apoB) containing lipoproteins. In addition, there is one technique that is specific for Lp(a).
In this review we will discuss the indication for lipoprotein apheresis focusing on patients with elevated Lp(a), describe the different techniques and review the current evidence regarding the efficacy and the long term effect on cardiovascular disease.
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Indication for lipoprotein apheresis
Apheresis for elevated LDL-cholesterol:
Indications for apheresis for elevated LDL-cholesterol vary considerably by country (11) . In the USA, lipoprotein apheresis is primarily indicated for patients with homozygous familial hypercholesterolemia (FH). It is also approved in other forms of severe LDL-hypercholesterolemia that persist despite maximal drug therapy (LDL >300 mg/dl without concomitant cardio-vascular disease or >200 mg/dl with concomitant cardiovascular disease) (12) . In Germany, apheresis for elevated LDL-cholesterol can be performed in severe hypercholesterolemia, if despite maximal dietary and drug therapy, LDLcholesterol cannot be reduced sufficiently (documented for 12 months). No specific threshold is given because the overall risk profile of the patient should be considered in evaluating the indication for apheresis. In practical terms, this primarily refers to patients with cardio-vascular disease whose LDLcholesterol remains above 130 mg/dl (variable threshold!) despite maximal possible drug therapy. Other countries have less specific recommendations with respect to apheresis for elevated LDL-cholesterol (11, 13, 14) . Generally, homozygous FH is widely recognized as an indication while other forms of LDL-hypercholesterolemia are not.
In Germany, it is estimated that between 2000-2500 subjects are currently being treated with lipoprotein apheresis. Approximately 1000 of them are treated for elevated LDL-cholesterol only. Of the remaining 1000-1500 subjects, approximately half are treated for elevated Lp(a) only while the other half are treated for combined elevations of LDL and Lp(a). Although no exact data are available, the availability of PCSK9 antibodies will most likely decrease the number of patients being treated for elevated LDL-cholesterol only very significantly (by 80-90%?). In addition, some patients treated with apheresis for elevated Lp(a) and LDL-cholesterol will also receive PCSK9 antibody therapy in the future. Since apheresis systems for LDL-hypercholesterolemia are based on the elimination of apoB containing lipoproteins, they also decrease Lp(a) concentrations to a similar extent as LDL. However, in most countries, lipoprotein apheresis is rarely used to treat patients with isolated increases of Lp(a).
In Germany, increased Lp(a) concentrations are considered to be an indication for regular apheresis in certain patients ( fig. 1 ). According to German guidelines, apheresis may be indicated if Lp(a) is > 60 mg/dl in patients with progressive cardiovascular disease despite optimal control of all other risk factors including LDL-cholesterol; progression must be documented clinically and with imaging techniques (15). Although no exact data are available it is estimated that 1000-1500 patients are undergoing regular apheresis for elevated Lp(a); approximately half of them being treated for isolated Lp(a) elevation (thus, with LDL-cholesterol at goal without apheresis), while the other half is treated with apheresis for elevated Lp(a) and LDL-cholesterol.
Although the FDA does not comment on apheresis for elevated Lp(a), there is a recommendation of the National Lipid Association Expert Panel on Familial Hypercholesterolemia to consider apheresis in functional heterozygotes with LDL-C >200 mg/dL (or non-HDL-C >230 mg/dL) and additional risk factors including high Lp(a) >50 mg/dL (16) . Furthermore, apheresis for isolated elevated Lp(a) is also used and reimbursed in US on an ad hoc basis but this option is used rarely at present. The HEART-UK criteria for the use of LDL apheresis include patients with progressive coronary artery disease, hypercholesterolemia, and Lp(a) >60 mg/dL in whom LDL cholesterol remains elevated despite drug therapy (13) .
Thus, while Germany is the only country where apheresis may be considered for isolated Lp(a) elevation, in other countries elevated Lp(a) is taken into account when making a decision on using apheresis to treat LDL-hypercholesterolemia. Heparin-induced extracorporeal LDL-precipitation (H.E.L.P) is a technique that has been used for more than 30 years (18) . It is based on the fact that apoB containing lipoproteins (including LDL and Lp(a)) precipitate in acidic conditions (pH=5.12) by forming a complex with a number of other proteins, including CRP and fibrinogen. The simultaneous elimination of fibrinogen can be seen as an advantage (due to its role in acute coronary events) but also as a disadvantage since the reduction in fibrinogen may limit the amount of plasma that can be treated within one session.
Direct absorption of lipoproteins (DALI) was implemented in 1996 and was the first system to be based on whole blood (19) . Similar to the apheresis system using dextran-sulfate, the elimination of lipoproteins is based on electrostatic binding of positively charged apoB to negatively charged polyacrylate ions. The contact of plasma with polyacrylate ions leads to the release of bradykinin.
Since the angiotensin converting enzyme (ACE) is responsible for inactivation of bradykinin, treatment with ACE-inhibitors is contraindicated. However, angiotensin-1-receptor antagonists can be used.
Apheresis with dextran-sulfate (Kaneka) introduced in 1984 uses the negative electric charge of cellulose-bound dextran-sulfate to eliminate positively charged apoB-100 (20 containing particles such as LDL, Lp(a) and VLDL are bound to the column and thus eliminated. This system can be used with plasma or whole blood. Rarely allergic reactions occur. This system also leads to a release of bradykinin; therefore, ACE-inhibitors are contraindicated and should be replaced by angiotensin-receptor antagonists (ACE is involved in the inactivation of bradykinin).
Lipid filtration/membrane differential filtration (OctoNova, Diamed) is based on a series of filters whose pores are of such size that only LDL, Lp(a) and fibrinogen are held back (21) . The remaining plasma components pass the filter without being eliminated. Obviously this method requires separation of plasma from cellular components of blood beforehand. This method is somewhat less specific than the other available methods.
Immunapheresis or immunadsorption was one of the first apheresis techniques to be developed (10) . It is based on columns in which sheep antibodies against apoB-100 eliminate apoB-100 containing particles such as LDL, IDL and Lp(a). VLDL are largely protected against elimination because the epitopes on apoB interacting with the antibodies are protected by lipids. The length of an individual apheresis session depends on the plasma volume to be treated (usually reflecting LDL-apoB concentrations). Since the mechanism is very specific for apoB-100 containing particles there is no relevant elimination of other plasma components such as HDL and fibrinogen. Therefore, there is no restriction regarding the treated volume.
Lipopac apheresis is another form of imunapheresis introduced in 1994 (22) . In contrast to immunoadsorption (antibodies against apoB) the antibodies are directed against apo (a) of Lp(a).
Plasma is passed through columns loaded with sheep polyclonal monospecific antibodies against human apo(a). This apheresis system only binds and eliminates Lp(a), while other lipoproteins such as LDL, IDL, VLDL and HGDL are not eliminated. Currently this apheresis system is only available for research purposes. 
Effect of lipoprotein apheresis on lipid levels
The effect of the different apheresis methods on lipid parameters is relatively homogenous (11, 23, 24) .
LDL and Lp(a) decrease acutely by approximately 60-75% with each apheresis. HELP, DALI, immunoadsorption, dextran-sulfate and Lipopac (very little effect on LDL) are slightly more effective in reducing Lp(a) levels (61-64%) than the less specific cascade filtration system (53%). It should also be noted that with weekly apheresis, pre-apheresis Lp(a) values tend to decrease over time since the rebound of Lp(a) concentration is not sufficient to achieve baseline values within one week. Depending on the selected interval (weekly or biweekly) and baseline Lp(a) concentration mean interval reduction varies between 20% (biweekly apheresis; relatively low baseline values) (25) and 36% (weekly apheresis, high baseline values) (26) . Thus despite resulting in the same immediate Lp(a) reduction, biweekly apheresis results in a much lower interval mean reduction. Unpublished data in 15 subjects from our institution using different apheresis system, indicate that Lp(a) is acutely decreased by 76% with a single apheresis, that mean interval reduction on regular apheresis is 25% and that mean interval concentrations are 40% below the baseline values (concentrations before first apheresis) ( fig. 3 ).
Triglycerides are also decreased (up to 50%) but rebound quickly. Similarly, HDL-cholesterol can be transiently decreased by 5-10%.
Analyzing the rebound of plasma concentrations following apheresis allows estimating metabolic parameters (27) . Lp(a) concentration rebounds somewhat slower following apheresis than LDLcholesterol indicating that the half-life of Lp(a) is longer than that of LDL particles which is in good agreement with turnover studies indicating that apo(a) may associate with different apoB-100 containing lipoproteins before elimination from plasma (28).
The various apheresis systems also differ in their capacity to eliminate other proteins. All systems acutely decrease CRP, and most systems (except immunoadsorption) decrease coagulation factors and 9 complement (29, 30) . In addition, HELP decreases fibrinogen very effectively. However all of these proteins rebound quickly (usually <24 h following apheresis and the clinical importance of these reductions remains unclear. However, even after many years of treatment there seems to be no specific side effect relating to the elimination of these proteins. Thus, all 3 studies (partially evaluating the same patients) showed a dramatic decrease in event rates after initiation of regular lipoprotein apheresis. Although these data seem to indicate a very impressive risk reduction, the lack of a control group must be acknowledged as a severe limitation.
Since worsening of atherosclerotic disease is one of the prerequisites to start apheresis for elevated Lp(a), recurrent events must be very common in the time period before apheresis is initiated. Thus, the patient cohort is selected for recurrent events in the pre-apheresis period. It is unclear whether the event rate would remain that high for an extended time period (which is assumed in the analyses).
Furthermore, multiple events in a single patient are counted separately resulting in another difficulty: if a patient has a single deadly event 3 years after initiating apheresis the calculated prognosis is much better than for a patient having 2 non-fatal events in the same period, while this is obviously not the case.
The problems associated with the evaluation can also be exemplified with the data of the 4S-trial, a simvastatin secondary prevention trial showing a clear benefit (34% risk reduction) for simvastatin compared to placebo (34). In this statin trial, the annual event rate was 2 per subject before randomization (inclusion criteria was 1 event during the last 6 months). During the trial, the annual event rate was 0.052 per subject in the placebo group (28% over 5.4 years) and 0.035 per subject in the simvastatin group (19% over 5.4 years). If a similar approach as used by Jaeger et al. or Leebmann et al. was applied to these data, a 98.3% risk reduction would have been observed in the simvastatin group and a 97.4% risk reduction in the placebo group. Obviously, the true effect of simvastatin can only be estimated on the basis of a comparison with a control group. Similarly, in any primary prevention statin trial, the event rate will be zero before randomization and will be higher than zero during the trial (in both groups: statin and comparator). Again, the effect of an intervention can only be estimated with the While it is very likely that Lp(a) reduction by apheresis reduces event rates, the magnitude of the benefit is unclear and cannot be deduced from pre-and post-apheresis evaluations. To correctly determine the effect of Lp(a) apheresis, a study using an adequate control group is required. Such a study must have a controlled, prospective, randomized study design. Ideally, all included patients should have elevated Lp(a) as their only remaining risk factor. While the intervention group should receive weekly or bi-weekly apheresis, the control group should receive standard care (continued optimal control of all other risk factors). Ideally, a third arm, treated by antisense therapy to apo(a) could be included in such a study (35, 36) . 
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The future of apheresis for elevated Lp(a)
The future of apheresis for elevated Lp(a) concentrations is difficult to predict. Antisense therapy to apo(a), which is currently being developed, can reduce Lp(a) concentrations even more profoundly than apheresis (35, 36) . On the other hand, although time consuming and costly, apheresis is an extremely safe procedure that has been in use for more than 30 years. It is also unclear whether and to what extent elevated Lp(a) remains a risk factor once LDL-cholesterol is reduced to very low levels for example by combined statin and PCSK9 antibody therapy. Ultimately, these questions must be addressed by outcome trials. 
